Abstract-Inter-area oscillations are present in all power systems dispersed over large areas and can have detrimental effects limiting transmission capacity or even causing blackouts. The availability of wide-area measurements in power systems has enabled damping of inter-area oscillations using distributed control methods and system components, such as energy storage devices. We investigate the performance of damping control enabled by energy storage devices distributed throughout an example two-area power system assuming the availability of widearea measurements of generator machine speeds. The energy storage devices are capable of injecting active power into the system in order to damp inter-area oscillations that occur after a fault in the system. An analysis of the linearized system and several simulations of the nonlinear system with multiple combinations of controlled power injections from energy storage devices are performed. From the results, we quantify and discuss how damping performance depends on the sizes and locations of injections.
I. INTRODUCTION
Power systems consist of complex interconnections of nonlinear components, possibly sparsely distributed across wide geographic regions. This means that power loads and generation centers may be geographically separated by large distances. In these systems, an event, such as a fault at one of the buses, results in swings in the power transfer between regions. These power swings are called inter-area oscillations [1] , [2] , and they occur in power systems around the world. Damping inter-area oscillations is crucial for maintaining a secure and reliable power grid, and failing to do so can have severe consequences, such as the blackouts experienced throughout western North America in 1996 [3] .
Several methods for implementing damping control that mitigate the effects of inter-area oscillations have been proposed. Power System Stabilizers (PSSs), utilizing local measurements, have historically been used to implement damping control for this task. More recently, the use of remote signals with PSSs has been shown to be advantageous [4] . The availability of system-wide information via remote signals has enabled the use of other system components for damping control, such as Flexible Alternating Current Transmission System (FACTS) devices, High Voltage DC (HVDC) lines, and Energy Storage (ES) [5] - [11] .
In this work, we specifically investigate damping control enabled by active power injections from ES devices distributed throughout the system. The damping control law is based on D. Copp, F. Wilches-Bernal, and D. Schoenwald are with Sandia National Laboratories, Albuquerque, NM USA (e-mail: dcopp@sandia.gov). I. Gyuk is with the U.S. Department of Energy, Washington, DC USA.
feedback from wide-area measurements of the generators' machine speeds. Naturally, injections from ES devices in different locations throughout the system result in different transient responses and, thus, different damping performance. With multiple ES devices available throughout the system, it may be advantageous to use smaller power injections from ES devices located in more favorable locations distributed throughout the system rather than using larger power injections from fewer ES devices in poorly chosen locations. We quantify performance for these types of scenarios and provide insights for how best to utilize ES devices for damping control in an example twoarea power system. Specifically, we perform a linear analysis as well as nonlinear simulations of the example system with damping control enabled by active power injections from multiple ES devices; we quantify the damping performance of several combinations of ES devices providing injections, discuss how performance depends on the sizes and locations of injections, and show that there are diminishing improvements on damping performance as the size of injections increase.
Several authors have previously investigated the use of ES devices for damping control of power systems similar to the one considered in this work. Damping inter-area oscillations in power systems with Superconducting Magnetic Energy Storage (SMES) is studied in [12] , [13] . Damping with an ES device using particle swarm optimization and heuristic dynamic programming is discussed to be better than PSS or FACTS enabled damping in [14] for the same example system and signals that we consider. An ES system based on UltraCapacitor technology is utilized for damping control via real power modulation in [11] . The same authors show that the optimal placement for an ES device to provide damping in a power system is in the area with lower inertia [15] . The authors of [16] consider a similar system with only one ES device in each area and show that the inter-area oscillations can be effectively damped and that the best locations for the ES devices along the tie line are closer to the generators. In this work we extend these previous results by investigating injections from multiple ES devices distributed throughout the system. More broadly, other applications for battery ES in power systems are discussed in [17] . Several power and energy applications of ES as well as optimal energy management with ES are discussed in [18] , and multiple applications and value opportunities for ES are highlighted in [19] . This paper is organized as follows. First, we formulate the problem by introducing the example two-area power system and damping control law under consideration in Section II. Next, we present a linear analysis of the resulting closed-loop system in Section III. Numerical results and damping performance for the nonlinear system are given in Section IV. Finally, Section V contains concluding remarks and directions for future work.
II. PROBLEM FORMULATION

A. Two-Area Power System Model
We analyze the two-area power system shown in Figure  1 that has two synchronous generators and a load in each area. This model, originally proposed in [20] , is augmented to include six ES devices distributed throughout the system. The synchronous generators are located at buses 1, 2, 3, and 4. The loads are located at buses 18 and 19, and the ES devices are located at buses 12, 13, 14, 15, 16, and 17. The ES devices are capable of injecting active power into the system and absorbing active power from the system in order to damp inter-area oscillations. To excite the inter-area oscillation of the system, we apply a three-phase to ground fault and investigate the damping performance when different combinations of ES devices are employed for damping control. For example, we quantify the differences in control effort (magnitude of power injected or absorbed) and transient system response when all six of the ES devices are used versus when only ES devices 1 and 6 are used.
With each synchronous generator modeled using a subtransient model, the system dynamics are given bẏ
where
30 denotes the system state vector, and denotes the additional states associated with the dynamics of the power injections from the ES devices, described below. The vector of active power injections at time t is denoted by
, and the output of the system at time t is denoted by
4 . Therefore, the output for generator i is its angular velocity, so the (possibly remote) measurements of the generators' angular velocities are available for feedback. The function g(·) captures the algebraic aspects of the model. For brevity we do not explicitly write down the functions f (·) and g(·) in (1), but more details on these dynamics can be found in, e.g., [2] , [21] .
The model parameters are chosen to be the same as in Example 12.6 of [2] and are given in Table I . Except for the inertia constants H 1 , H 2 , H 3 , and H 4 , all of the parameter values are the same for all four of the generators. Saturation effects are neglected. 
B. Damping Control Law
The damping control law for the active power injection from the i th ES device is given by
where Ω 1 (t) and Ω 2 (t) are the average machine speeds of the generators in Areas 1 and 2 at time t (i.e., Ω 1 (t) =
ω1(t)+ω2(t) 2
and Ω 2 (t) =
ω3(t)+ω4(t) 2
), respectively. These feedback signals are used because the generators in a given area are often coherent, so the difference between the average machine speeds in the two areas is a good measurement of the inter-area oscillation. Moreover, our objective is to damp the oscillations in machine speeds in order to improve stability of the system while also reducing wear and tear on the mechanical components. The number of injections in Areas 1 and 2 are denoted by I 1 and I 2 , respectively, and k d is the damping control gain. Therefore, the magnitude of each injection is scaled by the number of injections in the area in which it is located. In this way, the sums of the magnitudes of the injections in each area are the same regardless of the number of injections in that area. This is done to determine how performance changes when injecting power in one location versus injecting the same total amount of power but through several injections distributed throughout the system. [10] . The signalū i (t) then denotes the actual power injection of ES device i into the system.
III. LINEAR ANALYSIS
Because we are interested in small signal stability, we can linearize the nonlinear dynamics (1) around the steady state values and get a good approximation of how the system behaves due to inter-area oscillations. The linearized dynamics can be written asẋ
where x(t) and u(t) denote the state and input vectors, respectively, as described after (1). The matrix A ∈ R
30×30
encodes the system dynamics, and B ∈ R 30×6 is the input matrix.
The feedback control can be written as a function of the states so that the closed-loop dynamics can be written aṡ The notation 0 n in the matrix K denotes a row vector with n elements all equal to zero. In the matrix S, each variable e i , for i ∈ {1, 2, 3, 4, 5, 6}, is equal to one if the i th ES device is providing an injection or is equal to zero otherwise. Each row of the matrix SK sums to zero, so the control inputs are zero when the difference between the average machine speeds is equal to zero. This also means that the power injected and absorbed by the ES devices is energy neutral throughout the time the control is active (i.e., assuming no losses, the stateof-charge of the ES does not change). Finally, the damping of the closed-loop system (3) can be evaluated by computing the eigenvalues of the matrixĀ.
IV. NUMERICAL RESULTS
In this section we present simulation results for the example two-area power system shown in Figure 1 . We analyze a 25 second window in which the system is excited by a three-phase to ground fault at bus 7 at t = 0.5 [s], and the fault is cleared at time 0.505 [s]. After the fault, we investigate the effect that active power injections from multiple combinations of ES devices have on the system's damping. There are 63 different ES injection combinations available, but we only present 25 combinations that are representative of the options available. All simulations of the nonlinear system are performed using the Power System Toolbox [22] in MATLAB.
The initial conditions of the system after solving the load flow are as follows: The initial loads in Areas 1 and 2 able II shows damping control performance results from a numerical analysis of the two-area power system shown in Figure 1 after a three-phase to ground fault occurs at bus 7 with active power injections from ES devices, as shown in Table II are organized by resulting performance so that the combination of ES devices that produces the best damping is at the top, and the result with no injections is at the bottom. The order is not affected by considering different values for k d . The first column gives a case number, and the second column shows the combination of ES injections used for that case. The third and fourth columns show the value of the 2-norm of the difference between Ω 1 and Ω 2 , for k d = 200 and k d = 500, respectively, from time 0 to 25 seconds. This metric quantifies damping performance (i.e., a smaller value of the 2-norm means that the system is better damped). Finally, the fifth and sixth columns show the value of the max-norm of the input vector u for the entire simulation (i.e., the maximum absolute value of u), thereby quantifying the size of the largest injection commanded by the damping controller.
The A and B matrices in the linearized dynamics (2) can be found using the Power System Toolbox [22] , and then the eigenvalues ofĀ can be determined. The eigenvalues for four cases are shown in Figure 3 . For those same four cases, Figure  4 shows simulation results of the nonlinear system. Figure 5 shows the corresponding injections that produce the responses shown in Figure 4 . Naturally, increasing the control gain k d from 200 to 500 increases the size of the injections, and the damping performance improves.
A. Discussion
Compared to no damping control, any injections from ES devices improve the damping performance regardless of how large or where they are located. In order to get the best improvement in damping performance, however, the sizes and locations of injections are crucial as, depending on the choice of these options, damping performance may improve 29.5% to 45.5% when k d = 200 and 41.5% to 56.5% when k d = 500. Moreover, carefully choosing the locations of smaller injections can produce better damping performance than larger injections whose locations are not carefully chosen. All of these results are consistent with the results in [15] ; better performance is achieved when using injections from ES devices in the area with lower inertia. In this example, Area 2 has lower inertia, so using only an injection from ES 6 produces better results than using only an injection from ES 1. Similarly, using only an injection from ES 5 produces better results than using only an injection from ES 2. The same is true for multiple injections in each area; injections from ES 5 and ES 6 provide better results than injections from ES 1 and ES 2, etc. This is further confirmed by computing the eigenvalues ofĀ for these cases. Figures 6 and 7 show the corresponding eigenvalues and numerical results for some of these cases, respectively.
As we saw previously, there is a natural correlation between the size of injections and the damping performance. In general, larger injections produce better damping performance; however, there are diminishing returns on damping performance as the size of injections increase. Figure 8 shows how the improvement in damping performance diminishes as the size of the largest injection increases for Case 1 as compared to no injections. Furthermore, several smaller injections distributed throughout the system may improve damping almost as much as fewer larger injections in favorable locations, and, because the injections are smaller, may require smaller and less expensive ES devices. For instance, when k d = 200, the best performance is achieved using injections from ES 1 and ES 6, and the damping is improved by 45.5% over the Base Case where there are no injections. However, when considering injections from ES 1, ES 2, ES 5, and ES 6, the largest injections are half the size, and yet, the performance is still 43.7% better than having no injections. Additionally, using injections from all six ES devices improves damping performance by 41.7% over the Base Case, and the largest injections are three times smaller than when only injections from ES 1 and ES 6 are considered.
V. CONCLUSION AND FUTURE WORK
We investigated the use of active power injections from distributed ES devices for damping inter-area oscillations in an example two-area power system assuming the availability of wide-area measurements of the generators' machine speeds. We looked at the effect that different sizes and locations of ES devices have on improving the damping performance by evaluating nonlinear simulations of the system subjected to a three-phase to ground fault. Performance was quantified by computing the 2-norm of the difference between the average machine speeds in each of the two areas as well as the resulting maximum injection size. Damping performance improved with any injections but depended greatly on the injection sizes and locations. We discussed the trade-offs between choosing larger or smaller injections, more or fewer ES devices, and where they were located, highlighting that, as more distributed ES devices are introduced into power systems, several factors should be considered when choosing which devices to use. For simplicity we did not consider constraints on the ES devices, such as maximum injection sizes, ramp rates, or power factors. In future work, optimization-based approaches will be considered that can explicitly address these constraints.
